Abstract
Introduction

31
PV hot spots can be easily detected using IR inspection, which has become a common practice in 32 current PV applications as shown in [7] . However, the impact of hot spots on operational efficiency 33 and PV lifetime have been scarcely addressed, which helps to explain why there is lack of widely 34 accepted procedures which deals with hot spots in practice as well as specific criteria referring to 35 acceptance or rejection of affected PV module in commercial frameworks as described by R.
36
Moretón et al [8] . Thus, this paper demonstrates two mitigation techniques which will improve the 37 output power performance of the hot spotted PV modules.
alternative current path and attempt to prevent extreme reverse voltage bias on PV strings. The 48 general misconception is that bypassing a string protects cells against hot spotting.
49
More recently, it has been shown that the distributed MPPT approach suggested by M. in high irradiance levels, 2.72 in medium irradiance levels and 0.98 W in low irradiance levels.
72
The main contribution of this paper, is the development of a simple, reliable, and fast PV hot spot Table 1 . In 88 addition, Fig. 1(a) show the overall examined PV plant.
89
In order to examine the behavior of a PV module, it must be connected to a load. Otherwise, the
90
PV module would not generate an output power, since the PV module will be in open circuit mode.
91
In that case, it is only possible to measure the open circuit voltage and short circuit current.
92
Therefore, in this work, a resistive load was connected to the tested PV module through a 93 maximum power point tracking (MPPT) unit, which can be seen in Fig. 1(b) .
94
The purpose of the MPPT unit is to track the maximum output power of the PV module under 95 various environmental conditions. The MPPT unit is manufactured by Outback Power. This unit 96 has a minimum output efficiency equals to 98.5% [19] .
97
As can be noticed, the PV system does not contain a DC/AC inverter, since this work focuses on 98 the behavior of the PV modules in the DC side. Therefore, MPPT unit with resistive load was used
99
to test the reliability of the proposed methods.
100
Generally speaking, the performance of the DC/AC inverters used in PV systems are affected by is intended in the future to examine this improvement using an AC applications. 
111
The AC side of the PV installation has not been considered, since, this work focuses on the 112 behavior of the hot spotted PV modules. As stated in the introduction, there is a rapid decrease in 113 the output power for the hot spotted PV modules. Therefore, this work demonstrates two different 114 techniques to increase the reliability of the hot spotted PV modules, which will be described in 115 section 3. As can be seen, the accuracy of the measured MPP and I-V curves is nearly equal to the theoretical 126 data, where the average accuracy in all reported data in Fig. 2 is equal to 99.5%.
127
The investigation of the hot spots in the examined PV system was carried out using FLIR i5
128 thermal camera as shown in Fig. 1(b) . This camera has a thermal sensitivity equals to 32.18 0 F,
129
where its specification is reported in Table 2 . average accuracy of the I-V curve tracer is equal to 99.5%. Therefore, the measured data illustrated 141 in Fig. 3(b) has an error in the measurements equals to ±0.5%. 
158
As can be noticed, the proposed techniques are simple to implement, where the connection steps 159 is also within the PV module limit, since it requires only to add additional MOSFETs to the hot 160 spotted PV module. The cost of the used MOSFETs is equal to 0.85£. Therefore, the total cost for the first and second 173 presented techniques using 3 PV modules are equal to 18£ and 5.1£ respectively.
174
In the next section, the validation and comparison between both presented hot spot mitigation 
Photovoltaic Hot Spot and I-V Curve Analysis
182
The proposed hot spotting techniques were tested in an experimental setup with a resistive load 183 powered by the PV module which contains the hot spot, previously shown in Fig. 2 , where the
184
MOSFETs are placed in the examined PV module as illustrated in Fig. 4(b) and Fig. 4(c) .
185
There are several stages that have been assessed during the operation of the proposed hot spotting 186 mitigation technique, these stages are describes as follows: 187
Hot spot mitigation technique 1:
188
The results obtained by the first mitigation technique is shown in Fig. 5(a) , the results can be 
Hot spot mitigation technique2:
200
The results obtained by the first mitigation technique is shown in Fig. 5(b) , the results can be Table 3 .
225
The output I-V curve of the examined PV module under medium and low irradiance levels are in the output power of the 2 nd mitigation technique comparing to the 1 st technique. Table 3 228 demonstrates a comparison between the output results in each examined irradiance level.
229
In conclusion, this section shows the validation and the enhancement of the temperature and the 230 output power generated by the PV module using both proposed hot spot mitigation techniques.
231
Additionally, technique 2 has a better output power performance comparing to the 1 st proposed 232 mitigation technique. 
233
239
In order to test the ability of the proposed hot spot mitigation techniques, another experimental test 240 has been carried out on a PV module with partially shaded solar cell. Fig. 7 shows an image of the 241 examined PV module under shaded solar cell using paper opaque object. The PV module was 242 experimented under the same irradiance level which is equal to 784 W/m 2 . Moreover, in each 243 tested experiment the temperature of the shaded solar cell was captured using the FLIR i5 camera.
244
The first test was carried out using the activation of the first proposed hot spot mitigation 245 technique. Fig. 8(a) shows the thermography image of the shaded solar cell before and after the 172.508 W respectively. Thus, the total increase in the output power is equal to 0.721 W.
252
The second test was tested using the activating of the second proposed hot spot mitigation before and after activating the second hot spot mitigation technique
Conclusion
266
In this paper, the design and development of two hot spot mitigation techniques are proposed. 
279
Additionally, both proposed hot spot mitigation techniques were applied on a shaded PV module.
280
The temperature and output power of the PV module enhanced using both techniques, however,
281
the second mitigation technique shows a better performance comparing to the 1 st .
282
In future, it is intended to improve the hot spot mitigation techniques to work with several PV 283 array configuration systems. In addition, the techniques could be improved to enhance the output 284 power of micro-cracked PV modules. 
